OSMOTIC PRESSURE MEASUREMENTS OF SERUM AND ASCITIC FLUID IN PATIENTS WITH CIRRHOSIS OF THE LIVER
(Submitted for publication July 17, 1953 ; accepted October 7, 1953) Numerous contributions regarding the pathogenesis of ascites and edema have been made since Starling's first description of the balance between serum and tissue hydrostatic and osmotic forces. The original concept (1) proposed that, at equilibrium, serum protein osmotic pressure minus tissue fluid osmotic pressure equals capillary hydrostatic pressure minus tissue hydrostatic pressure. Direct application of this relationship to the problem of ascites received relatively little attention until recently when Mankin and Lowell (2) and James (3) employed this approach for the approximation of the degree of elevation of portal pressure. Further clarification of the applications and limitations of this principle to the pressure relationships in the formation of ascites represented the primary purpose of the present study.
The importance of the serum protein osmotic pressure was emphasized in early studies suggesting that a critical level existed, approximately 240 to 270 mm. H2O, below which edema would occur (4) (5) (6) (7) (8) This view was questioned by Kylin, however, who performed plasmapheresis experiments in rabbits and was able to obtain very low serum osmotic pressure values without edema (9) . However, when he added salt to the diet, the animals became edematous even at serum osmotic pressure levels near normal. The clinical counterpart of these experiments appears in the cases described in the literature (10) in which edema was absent at serum osmotic pressures below 200 mm.
A similar concept has developed concerning the relationship of the serum osmotic pressure to the formation of ascites. Butt, Snell, and Keys (11) found that ascites occurred most frequently when the serum osmotic pressure was below 240 mm.
Bjorneboe, Brun, and Raaschou (12) emphasized this critical level and concluded that a reduced serum osmotic pressure was the principal factor in the pathogenesis of ascites and that portal hypertension played a subordinate role. As they pointed out, the data were obtained from patients with cirrhosis following hepatitis. Other investigators (13) reached similar conclusions stating that ascites was probably not due to liver disease when the serum osmotic pressure was greater than 300 mm. H20. Armstrong (14) suggested a critical level for the "effective" osmotic pressure (serum osmotic pressure minus ascitic osmotic pressure) below which ascites occurs.
Indirect evidence against the concept of a strict relationship between serum osmotic pressure and ascites formation has been brought forth by several investigators (15, 16) . Evidence was obtained in the present study indicating that the type of cirrhosis is an important factor to be considered in evaluating the relationship between ascites and serum osmotic pressure levels.
METHODS
Osmotic pressure measurements were made on serum and ascitic fluid from 46 patients with various types of cirrhosis of the liver, and from a few patients with Chiari's syndrome, idiopathic hypoproteinemia, nephrotic syndrome, and carcinoma of the ovary. The patients were maintained in a state of equilibrium by a controlled low sodium diet, and were neither increasing nor decreasing the amount of ascites. None had sufficient fluid to produce a tightly distended abdomen. Comparisons between serum and ascitic fluid were made in 20 patients on samples obtained simultaneously.
The apparatus 1 used for the measurement of osmotic pressure was patterned after the Hepp osmometer (17) , and consisted of an osmotic cell, horizontal capillary, and water manometer. The osmotic cell was made of two lucite plates (87 by 87 by 19 mm.) held together with perforating screws. The upper plate had a circular hole 50 mm. in diameter, and the lower plate had a hole just large enough to admit the tip of the capillary. Between the plates were a rubber gasket, membrane, and disc of filter paper moistened with the solution described below. The purpose of the filter paper (Schleicher and Schuell number 604, 50 mm. diameter) was to prevent drying of the membrane, obliterate dead space, and allow rapid transfer of fluid across the membrane. Its use 1Constructed by Mr. C. Galati (4) . 257 has been recommended by numerous investigators (2, (18) (19) (20) (21) . The horizontal capillary was a 1 ml. pipette bent to an L-shape. The tip of the short limb was ground down to fit tightly into the hole in the lower plate. The other end was connected to the manometer. The manometer consisted of two long glass tubes filled with water and mounted vertically on a wooden frame. The tubes were connected to each other, to the horizontal capillary, and to a levelling bulb which rested on.a balancing chain. The levels of the menisci were read on a millimeter scale placed behind them, and the difference between them represented the hydrostatic pressure exerted on the solution in the horizontal capillary. The meniscus of this latter solution was observed in a horizontal cathetometer.
When the ionic strength of the solution outside the membrane exceeds 0.1 Molar concentration, the osmotic pressure is not affected by small changes in pH, carbon dioxide tension, or salt concentration (19, 22, 23) . In the present experiments, 0.145-M sodium chloride was used as the outer solution in the filter paper and horizontal capillary. Saline has been shown to be as effective as an ultrafiltrate of serum, although equilibrium may take somewhat longer (24) . In the early determinations, 0.15 M phosphate buffer was used, but no differences were encountered. The membranes employed in this study were mostly the superdense ultrafine filters of Schleicher and Schuell. The diameter was 75 mm., the average pore size less than 5 mu, and the "T" values 2 exceeded 500 minutes. Although these membranes were much slower than the more permeable "very dense" membranes, many of the latter were found to allow passage of serum proteins and were therefore unsatisfactory. The membranes were stored in 1 per cent HCI at 40 C. to prevent bacterial contamination. They were washed in saline solution for several days before being used (25, 26) . Membranes handled in this fashion were suitable for six to eight weeks. In earlier determinations, membranes were prepared in the laboratory according to the technique of Pierce (27) , as modified by Mankin and Lowell (2) . It was subsequently decided to use the membranes prepared commercially, however, since special apparatus for the rigid control of humidity and temperature is usually required to obtain reproducible pore size, thickness, and permeability.
For the actual measurement, 2.0 ml. of the sample were delivered onto the membrane, and the cell was covered. The manometer was then readj usted frequently until the meniscus in the horizontal capillary remained stationary for a minimum of thirty minutes. The usual length of time required to attain equilibrium was two to six hours. Leakage of protein through the membrane was suspected if the pressure was not sustained for the required time; it was proven by detecting faint traces of protein in the solution in the horizontal capillary. Correction factors for the capillarity of the horizontal capil-2 "T" value is the time required for 100 ml. of distilled water to flow through 100 sq. (12) lary and the hydrostatic difference between the sample and the outer solution level were determined by the net hydrostatic pressure required to prevent the movement of the meniscus with saline on both sides of the membranes. When the membrane is in place, the same side must face upward each time (24, 26) . The determinations were made at room temperature since, in this type of osmometer, the osmotic pressure is not altered by minor changes in temperature (17) . The error of the method (2 to 6 per cent) corresponds to that obtained by previous investigators whether or not temperature control was employed (2, 12, (19) (20) (21) (22) . This error was obtained by measuring samples of a standard 6 per cent albumin solution ten times. The range of results was 330 ± 7 mm. H2O (2 per cent error).
RESULTS
Serum osmotic pressure determinations in various types of cirrhosis are plotted in Figure 1 . Values below 260 millimeters of water are uniformly associated with ascites. In contrast to Bjorneboe's series, however, ascites also occurred despite serum osmotic pressure levels up to 420 mm. of water. In an attempt to explain this apparent discrepancy, the cases were divided into three etiologic groups (Figure 2 ). In five cases of biliary cirrhosis (four primary and one secondary), the serum osmotic pressure exceeded 340 mm. of water. None of these patients had ascites, although portal hypertension was suggested in three by the presence of esophageal varices. Included in the classification "cirrhosis of unknown etiology" are patients in whom no history of alcoholism or nutritional deficiencies was obtained. This group consists mostly of young adult females who have been described elsewhere (28) . Some (10) .
Since the difference between serum and ascitic fluid osmotic pressures is equal to the difference between the hydrostatic pressures of these fluids in accordance with Starling's hypothesis (1, 2, 29) , it seemed of interest to determine this osmotic difference in an attempt to evaluate the hydrostatic difference. The degree of elevation of this hydrostatic difference is related to the degree of elevation of the portal pressure because the portal bed represents the chief venous system in equilibrium with the ascitic fluid. The hydrostatic difference thus represents the "effective portal pressure" and not the total portal pressure. In order to obtain the total portal pressure the ascitic hydrostatic pressure would have to be determined and added to the "effective portal pressure." Difficulties in evaluating ascitic hydrostatic pressure as well as the realization that other venous channels in addition to the portal system might influence the equilibrium with ascitic fluid, made it preferable not to deal with the true portal pressure in this study. The term "effective portal pressure" is used in quotes because of the many known and unknown uncertainties involved in its indirect estimation from osmotic pressure differences.
Serial determinations of the osmotic pressure difference between serum and ascitic fluid demonstrated the constancy of this difference in individ- ual patients who showed little change in their general condition while being maintained in a steady state of protein equilibrium by the use of a controlled low sodium intake. In Figure 3 , the serum and ascitic osmotic pressure values for 15 patients have been plotted. In 9 patients with alcoholic nutritional cirrhosis and in 1 patient with Chiari's syndrome, the osmotic difference (effective portal pressure) exceeded 150 mm. of water. In 2 patients with cirrhosis of unknown etiology, it was approximately 135 mm. of water. In Case 5, a porta-caval anastomosis was performed because of varices and refractory ascites. Postoperatively, the effective portal pressure fell only slightly, which correlated with other evidence of a poorly functioning shunt, namely, persistent ascites and a continued delayed portal circulation time of 31 seconds (30) . The results in the patient with carcinoma of the ovary, similar to those obtained by others (11, 12) indicate a normal effective portal pressure.
An important limitation in the use of osmotic pressure measurements for the determination of "effective portal pressure" was found in patients where the serum osmotic pressure was close to or lower than the "effective portal pressure." This situation, assuming protein equilibrium, would bring about a maximum reduction of ascitic fluid osmotic pressure until at very low serum protein levels the ascitic fluid would no longer reflect the equilibrium conditions. In the present study it became apparent that in those cases where the ascitic fluid osmotic pressure was less than 15 mm. of water no true evaluation of the hydrostatic forces could be made. Figure 4 shows four types of cases that illustrate the various relationships encountered. In Case A, a high serum osmotic pressure and a sizeable ascitic osmotic pressure yields an elevated value for "effective portal pressure." In Case B, the ascitic osmotic pressure is too low to indicate the exact "effective portal pressure," although it is apparent that the value is high. Case C illustrates a low serum osmotic pressure with a sizable ascitic fluid osmotic pressure giving a relatively normal "effective portal pressure." In Case D, the ascitic fluid osmotic pressure is very low and in the presence of the low serum osmotic pressure little information regarding the height of the "effective portal pressure" can be obtained. Examples such as Cases B and D where the exact "effective portal pressure" cannot be determined are frequently encountered among patients with cirrhosis of the liver particularly those with unusually low serum osmotic pressure levels.
DISCUSSION
The possibility that the formation of ascites in patients with the alcoholic type of cirrhosis is related to the elevated "effective portal pressure" is suggested by the data obtained but remains unproven. Other possibilities acting more specifically in these patients than in others, such as adrenal effects causing increased sodium retention, posterior pituitary stimulation causing increased water retention, or special local abnormalities in lymphatic drainage, must be considered. The high "effective portal pressure" in cirrhosis found in this study and by Mankin and Lowell (2) is at variance with the concept that there is a generally applicable critical level of effective osmotic pressure below which ascites occurs (14) .
It has been demonstrated by previous workers that changes in either serum or ascitic fluid protein are reflected by similar changes in the other fluid (2, 31, 32) indicating a free exchange of protein across the peritoneal membrane. This is certainly important for calculation of the hydrostatic differences from the osmotic pressure difference between serum and ascitic fluid although much of the equilibrium is established by rapid interchange of water. The dynamic exchange of protein between ascitic fluid and serum was studied in this same group of patients by Eisenmenger and Slater (33) employing I 1"1 tagged albumin and y-globulin. A fall in specific activity for the serum and ascitic fluid on a single curve indicated the protein equilibrium.
The application of Starling's hypothesis to estimate total portal pressure was suggested first by Iversen (29) , and has been discussed further by Mankin and Lowell (2) . Since (2, 3, 29) .
Since there are porta-systemic communications in the posterior peritoneum as well as systemic venous channels, the ascitic fluid is also partially in equilibrium with the systemic venous bed. The calculated "effective portal pressure" as obtained by osmotic pressure measurements would be lowered reflecting the extent of this communication, since the venous hydrostatic pressure is less by virtue of this connection with the systemic bed.
Perhaps a value 0f the "effective portal pressure" particularly in relation to the total portal pressure measured directly at operation is that the latter is obtained in the large venous channels, whereas the "effective portal pressure" refers to the pressure in the capillary bed, where the level may be quite different (34) . Certainly the term "effective portal pressure" as used in this study remains illdefined. The possibility that variations in the lymphatic system, which is known to transport most of the protein leaving the peritoneal cavity (35) , may influence the osmotic pressure difference between serum and ascitic fluid must be considered. Direct measurement of portal pressure at laparotomy was carried out in five of the present group of patients. Although a general correlation with the serum-ascitic fluid osmotic pressure difference appeared to exist, the observations were too limited to draw any conclusions. One definite instance was encountered in a case of carcinoma of the ovary where the osmotic pressure difference appeared too great for a normal portal pressure. No explanation was apparent and indicates the probability of further unknown factors influencing this relationship.
Under equilibrium conditions the ascitic fluid osmotic pressure is primarily governed by the serum osmotic pressure and the hydrostatic forces of the abdominal venous system and ascitic fluid. It represents a very variable quantity that reflects the alterations in the other forces except where the osmotic pressure is less than 15 mm. of water. A certain minimum protein concentration is still found in ascitic fluid even when the equilibrium forces are acting in a direction that would reduce the ascitic fluid osmotic pressure to a maximal extent. In patients with ascitic fluid associated with peritoneal carcinoma, the serum osmotic pressure is usually only slightly reduced and the effective portal pressure is close to normal. This would result in a high osmotic pressure in the ascitic fluid if equilibrium conditions prevail, and would explain the high protein content of such ascitic fluids without involving the concept of an exudate. Similarly in dogs with thoracic inferior vena cava constriction (31, 36) or constrictive pericarditis (37), the high ascitic protein concentration probably reflects this relationship between the serum osmotic pressure and the effective portal pressure. Thus, although Starling's hypothesis may not offer the main explanation for the formation of ascites, it nevertheless remains of great value in describing the equilibrium conditions and in accounting for the respective protein concentrations of serum and ascitic fluid.
SUMMARY AND CONCLUSIONS 1. Osmotic pressure measurements of the serum of patients with cirrhosis of the liver indicated that ascites was associated with levels ranging from the low value of 148 mm. H20 to the high value of 418 mm. H20. The higher levels of serum osmotic pressure were found primarily in patients with the alcoholic nutritional type of cirrhosis. In other types, the presence or absence of ascites appeared to be more directly related to a critical serum osmotic pressure level.
2. An attempt at estimation of the "effective portal pressure" was made by determination of the difference between serum and ascitic fluid osmotic pressures in accordance with the Starling hypothesis, a steady state being maintained by means of a controlled low sodium diet.
3. The "effective portal pressure" could be estimated only if the serum osmotic pressure exceeded it by an amount sufficient to give a significant ascitic fluid osmotic pressure. This conditioning factor limited the application of these measurements. Other limitations are discussed. 4 . High values for "effective portal pressure" were obtained in patients with cirrhosis forming ascites in the presence of high serum osmotic pressure levels.
